Abstract: A survey of current literature has revealed that the testing protocol for determining the time of setting of fly ash-soil mixtures is not available. Although the current ASTM standard recommends using the Vicat needle method with a water-to-fly ash weight ratio of 0.35, it was originally proposed for testing the time of setting of cement. The current study showed that the Vicat needle method yielded poor test results for some common fly ashes. Moreover, the water-to-fly ash weight ratio of 0.35 may not be appropriate for some fly ashes because the chemical components are varied in different fly ashes. Therefore, a British fall cone was adopted to determine the time of setting of fly ash paste and fly ash-soil mixtures. It suggests that the best starting water-to-fly ash weight ratio should be at its liquid limit. As the water content increases, the initial and final times of setting of fly ash paste increase accordingly. For the fly ash-soil mixture, the initial and final times of setting decrease as the ash-to-soil weight ratio increases. Finally, a linear correlation was established based upon the water content, ash-to-soil weight ratio, and the ratio of calcium oxide to silicon dioxide present in the fly ash.
Introduction
Fly ashes are classified as Class C or Class F by ASTM. Class C fly ash contains a large portion of calcium oxide and exhibits some self-cementing ability when mixed with water (Parsa et al. 1996) . Class F fly ash usually does not have cementing and is normally used with lime or other additives for soil improvement and stabilization. Because of its excellent cementitious properties, large amounts of Class C fly ashes have been used for stabilizing soft ground soils and embankment fills (Zia and Fox 2000; Edil et al. 2002 Edil et al. , 2006 .
Hydration and time of setting play important roles in strength gain. The calcium oxide content can form cementitious products when hydrated; therefore, the final strength might be largely governed by the time of setting. ASTM D 5239-04 (2004) uses a series of test methods to determine the characteristics of fly ash. For the time of setting property, ASTM recommends a water-to-ash weight ratio of 0.35 and a test by Vicat needle in accordance with the test method ASTM C191 (2008) . Based on preliminary test results, however, the ratio of 0.35 did not work for several tested class C fly ashes because the fly ash paste was too soft and slurry-like, and was never formed into the Vicat needle container. The Vicat needle is 50 mm long and 1 mm in diameter. The needle easily penetrated through the fly ash paste and made it difficult to get any readings in the beginning. The time of setting of fly ash paste is determined by linear interpolation of the penetration time plot [ASTM C191 (2008) ]; however, its curve is largely nonlinear, thus, linear interpolation might result in interpretation errors.
Most of the research work in the literature has skipped the step of determining the time of setting of fly ash and fly ash-soil mixtures, and instead has focused only on the strength gain after stabilization. Some researchers adopted different approaches; for example, White et al. (2005) used a ratio of 0.275 and a pocket penetrometer to test the strength gain versus the time of setting. Additionally, the fly ash-soil mixture has a time of setting that is slightly different from that of fly ash itself. The time of setting of fly ash-soil mixtures directly relates to the compaction delay (Misra 1998; Mackiewicz and Ferguson 2005; Senol et al. 2006) . The American Coal Ash Association (ACAA 1999) suggests that all mixing, compaction, and final shaping should be completed in one or two hours of initial mixing. However, there is no clear study on the time of setting characteristics of fly ash-soil mixtures.
In this paper, a simple method is proposed to determine the time of setting of fly ash and fly ash-soil mixtures. A fall cone device was utilized to determine the time of setting characteristics. The water-to-ash weight ratio was modified. Initial and final times of setting were determined from the two tangent method, which is similar to the determination of the pre-consolidation pressure in a one-dimensional consolidation test.
Test Materials
Five fly ashes used in this study were shipped from LaCygne, Nearman, Labadie, Rush Island, and Meramec power plants in Missouri. Their physical compositional properties from X-ray diffraction (XRD) and scanning electron microscopy-energy dispersive system (SEM-EDS) are summarized in Table 1 . All fly ashes were derived from the combustion of coal and were collected using electrostatic precipitators. All fly ashes had high contents of calcium oxide (CaO) and silicon dioxide (SiO 2 ). The CaO-to-SiO 2 ratios of the fly ashes ranged from 0.66 to 0.93. The loss on ignition of all fly ashes was fairly small, except for the Meramec fly ash. Grain size distribution curves of all fly ashes are presented in Fig. 1 and the coefficients of uniformity and curvature are tabulated in Table 2 . Nearman, Rush Island, and Labadie fly ashes are gap graded and their grain size distribution curves were located to the right, which indicated that these three fly ashes are coarser than the other two fly ashes. Approximately 50% of the finer fly ash particles were smaller than 0.075 mm; however, for the coarser fly ashes, only 15% passed the #200 sieve (0.075 mm). The natural soil used in this study was obtained from a road shoulder in Atchison, Missouri. The grain size distribution curve of the soil is plotted in Fig. 1 . The plasticity index of the soil is 13 and the soil is classified as low plasticity clay (CL). The liquid limit (LL) of the soil and fly ashes are tabulated in Table 2 . Set time tests were conducted on fly ashes and fly ash-soil mixtures with different water contents and different ash-to-soil mix ratios. The testing program is summarized in Table 3 .
Modified Testing Method
The strength of the fly ash paste is highly variable and dependent on the water-to-ash ratio. For different fly ashes (varied chemical contents) with the same water-to-ash weight ratio, the initial and final time of setting would vary significantly (CaO hydration procedure). The Class C fly ash paste normally goes through liquid, plastic, semi-solid, and solid states, respectively. Because the LL state is the beginning state at which a fly ash paste starts to gain strength, it is reasonable to assume the LL as a reference point for determining the time of setting.
Most research work has skipped the step of determining the time of setting of fly ash and fly ash-soil mixtures, and instead has focused only on the strength gain after stabilization. Some researchers did test the time of setting of fly ash; however, their methods were not consistent with the ASTM C191 (e.g., White et al. 2005) . Unlike cement, the strength of fly ash paste is highly variable. The Vicat needle is too heavy to test the time of setting if the fly ash paste is not at consistent condition; however, a conetype needle can gradually increase its resistance as it penetrates. Therefore, in this study, the British fall cone was found appropriate to use and a simple set time testing method was proposed.
The fall cone used in this study weighs 32.5 g with an angle of 30°. The LLs of fly ash and fly ash-soil mixtures were predetermined (LL is defined in the range of a depth of penetration between 15 and 25 mm in terms of the British fall cone device). The fly ash/ fly ash-soil mixture paste in the LL state was prepared and placed in the Vicat cup with its surface leveled horizontally. The cup was then carefully transferred underneath the British fall cone and the cone tip was lowered until it touched the paste surface. The cone was immediately released and freely fell from the frame. The penetration value from the British fall cone meter was noted after approximately 10 s (until the cone stabilized in the paste). The unit of the penetration values was shown in degrees (1°¼ 0.1 mm). The time intervals used were initial, 30 s, 1, 2, 4, 8, 15, and 30 min, and 1, 2, 4, and 8 h, respectively. In terms of data interpretation, the recorded penetration value and its corresponding time in logarithmic scale are plotted. In ASTM C191, the initial time of setting is defined as the time corresponding to a 25-mm penetration. This value is obtained by linear interpolation of the penetration versus 
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time plot; however, the time of setting curve is largely nonlinear. A semi-logarithmic scale is more appropriate to show the trend of strength gain as the fly ash sets. The details of this data reduction method are presented later in this paper.
Results

Time of Setting of Fly Ash Paste
The time of setting curves of the fly ashes are plotted in Fig. 2 . The legends A to E in the figure represent different fly ashes, as described in Table 1 . All fly ash paste specimens were tested at their LL. Within approximately 2 min, Nearman, Rush Island, and Meramec fly ashes achieved initial setting, and at approximately 10 min, all reached final setting. Because of the fast setting property, however, Rush Island fly ash did not show an initial setting in the plot. The times of setting of all fly ash pastes are listed in Table 4 . Penetration values versus log time curves showed that there were two turning points on each curve (except A). In the beginning, the curve extended flatly, however, after initial setting (first turning point), the ash paste quickly gained strength and the slope of the curve sharply increased. When the paste evolved into the final setting, the curve flattened again and the second turning point occurred.
Water content also plays an important role in governing the time of setting of fly ash paste. Different water contents were adopted in this study, and the corresponding time of setting curves are presented in Fig. 3 . As the water content increased, the initial and final times of setting increased (Fig. 3) . Compared to the final setting, the initial setting appears to be more sensitive to water content. It is known that tricalcium aluminate gel dominates the initial hardening of cement. Similarly, it can be also hypothesized that tricalcium aluminate controls the set of fly ash. Janz and Johansson (2002) concluded that the compression strength is related to the waterto-cement weight ratio. When the cement sets, the hydration product-cement gel is found to be porous and contains chemically combined water. If the water content changes, the amount of water absorbed in the porous cement gel will change; thus, the strength of the cement gel will also change. As water-to-cement ratio increases, the compressive strength gradually decreases. Similar behavior was also observed in the fly ash paste; as the water-to-ash weight ratio increased, the curves shifted toward the upper right, which indicated that the strength of the paste decreased. To test the strength of the fly ash paste at different set time stages, a compressive strength test was conducted by using a pocket penetrometer at adequate time intervals on Fly Ash Paste A. The strength versus time is plotted in Fig. 4 . The solid line is a best fit line for these test data. As shown in the figure, the ash paste very quickly gained strength in the first few minutes. Approximately 150 min later, the fly ash paste was very stiff; its strength increased to 5 tsf (240 kPa ), and even the cone tip could not penetrate the paste.
Time of Setting of Fly Ash-Soil Mixture
Although all fly ashes set very quickly, once mixed with natural soil, the initial and final setting were greatly changed. Different ash-to-soil weight ratios were used in this study to examine the effect on the set time characteristics of fly ash-soil. The fly ash-soil mixture was prepared by first mixing the dry soil with fly ash, followed by the addition of water. After that, the mixture was thoroughly mixed before testing. Fig. 5 shows the time of setting curve of Fly Ash-Soil Mixture A; the mix ratios were 10, 20, and 30%. The water content of the soil was fixed at 40% (water-to-dry soil weight ratio) which was at its LL state. As displayed in the chart, when the ash-to-soil mix ratio increased, the initial and final times of setting decreased. Fly Ash Paste A was approximately 8 min; however, for the mixture, it was more than 100 min. Fig. 6 shows the time of setting of Fly Ash-Soil Mixture B; the ash-to-soil ratio ranged from 10 to 40%, the water content of the soil was kept constant at 40%, and different amounts of dry fly ash were added. As shown in the figure, the initial time of setting was decreased as the ash-to-soil weight ratio increased. Although the final time of setting decreased slightly, the changes were slight. The initial and final times of setting of the mixtures are tabulated in Table 5 . The initial time of setting was very large for lower ash-to-soil weight ratios; however, as more fly ash was added, the initial time of setting decreased. As shown in the graph, all curves exhibited similar trends: all of the time of setting curves show similar slopes and are parallel to each other in the final set stage. Because the mixtures were mixed with different amounts of fly ash, their starting strengths were not the same and the time of setting curves began at different locations on the vertical axis. As the ash-to-soil ratio increased, the final set strength of the mixture also increased. A pocket penetrometer was used to determine the final strength (Fig. 7) . The best fit line was drawn through the center of the dots, as shown in the graph. Below an ash-to-soil ratio of 20%, the final set strength was relatively small; however, beyond that, the final set strength increased significantly. This trend shows that Fly Ash B could work effectively as an additive in stabilizing some weak soils because the strength could be greatly increased by the bonding between fly ash and soil particles. Fig. 8 exhibits the effectiveness of fly ash working as a drying agent in natural soil. As the ash-to-soil weight ratio increases, water content can be greatly reduced. Therefore, fly ash could be used as a dryer and stabilizer in weak and wet foundation soils, especially those in wet land areas under emergency circumstances. Fig. 9 shows the time of setting curves of Fly Ash-Soil Mixture C; the ash to soil weight ratio ranged from 5 to 50%. In this set of tests, the water content of the soil and the water content of the fly ash were kept constant. This was achieved by placing soil at its LL, adding different amounts of fly ash paste at their LLs, and thoroughly mixing. As shown in the plot (Fig. 9) , a 30% (ash-to-soil weight ratio) curve seems to be a watershed; below this, the initial and final times of setting were relatively high, and beyond that, the initial and final times of setting greatly decreased. When the ashto-soil weight ratio reached 40-50%, the mixture set very quickly, almost the same as the pure fly ash paste, whose final time of setting was approximately 20 min. The data show that an increase in the ash-to-soil weight ratio can cause a decrease in the final time of setting. The initial time of setting also decreased due to the increase of the ash-to-soil weight ratio; however, the trend was not very clear compared with the final set, especially when the ash-to-soil ratio was smaller than 30%. Fig. 10 shows the final strength of Fly Ash-Soil Mixture C, and a similar trend was observed for Fly Ash B: the final strength increased as the ash-to-soil weight ratio increased. Fig. 11 shows the change of water content in fly ash-soil mixture due to the process of hydration, and similar to Fly Ash B, the increase of fly ash content greatly reduced the water content.
Discussion
The proposed modified set time test can effectively capture the initial and final set characteristics, as shown in the squares in Figs. 3, 5, 6, and 9 . Based on the observed test data, common Missouri class C fly ash is very sensitive. The LL acts as a threshold beyond which ash paste behaves like slurry, but under which it is more plastic and easy to shape. For a given fly ash, the amount of water influences the characteristics of the time of setting. The initial and final times of setting increase as the water content increases. For a fly ash-soil mixture, the initial and final sets are largely delayed due to the addition of natural soils. When the weight ratio of ash to soil increases, the initial and final times of setting decrease. Within 20% of the fly ash-to-soil weight ratio, the set properties of the mixture were almost the same; however, for the high volume fly ash-soil mixtures, their initial and final sets were completed very quickly and the final set strengths were relatively high. Furthermore, fly ash not only increases the strength of the soil, but also reduces the water content, which is very helpful in stabilizing weak and soft ground soils. Bergeson and Lapke (1993) pointed out that the time of setting of fly ash is related to the CaO content. Janz and Johansson (2002) concluded that the ratio of CaO=SiO 2 strongly influences the hydraulic reactions of binding agents. These findings revealed that the cementing potential relates to the percentage of CaO and SiO 2 in fly ash. As discussed earlier, the water content and ash-to-soil ratio also influence the time of setting of fly ash-soil mixtures. Therefore, it is possible to define, by regression, a simple prediction formula that defines the final time of setting as a function of those parameters:
where T = final time of setting (min); ω = water content of the mixture (%); ash=soil = ash-to-soil weight ratio (%); CaO=SiO 2 = CaO-to-SiO 2 weight ratio (%); and A and U = regression parameters (−). The final times of setting of all fly ash soil mixtures are tabulated in Table 6 . By using the final time of setting, water content, chemical composition percentage, and ash-to-soil weight ratios, statistical analysis of the Missouri fly ash was conducted and a regression equation was achieved [Eq. (2)]. Predicted times of setting are compared to the observed values shown in Fig. 12 . An R-squared value of 0.73 was achieved for the regression. The regression coefficients AÀU are likely dependent on the water content, fly ash type, soil type, and the percentage of the materials in the mixture. However, further research will be necessary on this point: 
Conclusions
The time of setting characteristics of fly ash and fly ash-soil mixture were studied in this paper. A simple method was proposed for testing the initial and final times of setting of fly ash and fly ash-soil mixtures. Compared to the Vicat needle method, the new approach utilized a cone-type needle, which not only improved the test accuracy, but also yielded quality data. The new test configuration can ensure the same starting point and yield much more consistent penetration values. The time of setting curves in log time scale generally have two turning points that can differentiate the initial set and final set stages. The initial and final times of setting of fly ash paste increase as the water content increases. Due to the addition of natural soil, the initial and final times of setting were greatly delayed. When the ash-to-soil weight ratio increased, the initial and final times of setting of the mixture decreased. The ash-to-soil weight ratio can also affect the final set strength of fly ash-soil mixtures. Meanwhile, some fly ashes were able to be used as drying agents in soil stabilization. A regression analysis was performed based on the water content, ash-to-soil weight ratio, and the ratio of CaO to SiO 2 ; however, it should be used cautiously, because the field conditions are much more variable than those in the laboratory. 
